Protein glycosylation is essential for eukaryotic cells from yeasts to humans. When compared to N-glycosylation, O-glycosylation is variable in sugar components and the mode of linkages connecting the sugars. In fungi, secretory proteins are commonly mannosylated by protein O-mannosyltransferase (PMT) in the endoplasmic reticulum, and subsequently glycosylated by several glycosyltransferases in the Golgi apparatus to form glycoproteins with diverse O-glycan structures. Protein O-glycosylation has roles in modulating the function of secretory proteins by enhancing the stability and solubility of the proteins, by affording protection from protease degradation, and by acting as a sorting determinant in yeasts. In filamentous fungi, protein Oglycosylation contributes to proper maintenance of fungal morphology, hyphal development, and differentiation. This review describes recent studies of the structure and function of protein O-glycosylation in industrially and medically important fungi.
Filamentous fungi include industrially and medically important eukaryotic microorganisms. Recently, the entire genomes of three Aspergillus species, the kojimold A. oryzae, a human pathogenic A. fumigatus, and A. nidulans as a research model strain, have been sequenced. [1] [2] [3] This genomic information is of particular use to clarify the mechanism of superior protein secretion and for industrial and medical applications of these fungi. Aspergillus has the potential to secrete proteins of more than grams/liter into a culture, and thus has attracted attention for utilization as a host microorganism for heterologous gene expression. 4) It is known that protein secretion in eukaryotic cells requires movement of the proteins through the endoplasmic reticulum (ER) and Golgi apparatus. In the course of this secretory traffic, secretory proteins undergo glycosylation. In eukaryotic cells, there are two types of protein glycosylation. N-glycosylation fundamentally shares similar features from yeasts to humans. Man1-4GlcNac1-4GlcNac1-N is commonly found in N-linked glycan (Nglycan), and is attached to an Asn residue in a defined sequence, Asn-X-Ser/Thr, where X is an amino acid other than Pro. The N-glycan structure is classified into high mannose, hybrid, and complex types. 5, 6) On the other hand, O-linked glycans (O-glycans) are composed of sugars attached to the -hydroxyl group of serine and threonine. No apparent sequence motif similar to Asn-X-Ser/Thr for N-glycosylation has been found for Oglycosylation in fungi. O-glycosylation is diversified according to the origins of organisms with respect to sugar components and the linkage modes among sugars. 7) Mammal and plant glycoproteins contain xylose, fucose, GalNac, GlcNac, Glc, Man, and Gal among O-glycans. 8) Recently, it has become more widely known that protein glycosylation plays critical roles in cellular functions by affecting the protein stability, localization, and secretion of proteins. [9] [10] [11] However, protein Oglycosylation in filamentous fungi, including Aspergillus, is poorly understood despite the fact that filamentous fungi are important microorganisms suitable for heterologous protein production. In the present review, I describe the diverse structures and functions of protein O-glycosylation in industrially and medically important yeasts and filamentous fungi. glycan in the glycoproteins of S. cerevisiae possesses a linear chain of up to 5 mannose residues whose structure is Man1-3Man1-3Man1-2Man1-2Man1-O (Fig. 1A) . 12) This protein O-mannosylation is initiated in the endoplasmic reticulum (ER) by the transfer of mannose from dolichyl phosphate mannose (Dol-PMan) as a sugar donor to the Ser or Thr residues of the secretory proteins. 13) This reaction is catalyzed by a family of protein O-mannosyltransferases (PMTs). A total of seven PMT family members (ScPmt1-7p) have been identified, which exhibit nearly identical hydropathy profiles, suggesting that the PMTs are integral membrane proteins with multiple transmembrane domains. [14] [15] [16] [17] [18] [19] The ScPmt1-6 proteins share an overall protein sequence identity of 57.5%. ScPmt7p is conserved to a lesser extent. The PMT family is classified into the PMT1, PMT2, and PMT4 subfamilies, whose members include transferases closely related to ScPmt1p, ScPmt2p, and ScPmt4p respectively. Members of the PMT1 subfamily (ScPmt1p and ScPmt5p) interact in pairs with members of the PMT2 subfamily (ScPmt2p and ScPmt3p), whereas the PMT4 subfamily forms homomeric complexes. [20] [21] [22] Further, the PMT1-PMT2 and PMT4 subfamilies use different acceptor protein substrates in vivo. 23, 24) Proteins mannosylated by PMTs are further processed by several Mn 2þ -dependent -1,2-mannosyltransferases (MNT) using GDP-Man as a sugar donor in the Golgi apparatus. Three isozymes of -1,2-MNT, ScKre2p/ Mnt1p, ScKtr1p, and ScKtr3p, catalyze mannosyltransfer reactions to add the second and the third mannose residues of O-glycan. ScKre2p/Mnt1p acts mainly in the latter reaction. 25, 26) These -1,2-MNTs are also involved in N-glycosylation.
27) The three-dimensional structure of ScKre2p/Mnt1p is known. 28) Furthermore, O-glycan is sequentially extended by the action of the -1,3-MNTs, including ScMnn1p, ScMnt2p, and ScMnt3p, using GDP-Man as a sugar donor in the Golgi apparatus. The first -1,3-manosyltransfer reaction is catalyzed by all the isozymes of the -1,3-MNTs. The terminal -1,3-manosyltransfer reaction is catalyzed mainly by ScMnt2p. These -1,3-MNTs are also involved in the elaboration of the N-glycans. 29) In the Scmnn1 mutant, mannosylphosphorylation of mannotriose to yield Man-P-Man 3 is observed in chitinase. 30) 2. Candida albicans Protein O-glycosylation has been well studied in the human pathogen Candida albicans (Ca), which shows dimorphisms such as round cells and hyphal forms, to clarify the relationship between glycosylation and pathogenicity. O-glycans of C. albicans are composed of linear chains of up to five mannosyl residues, as found in S. cerevisiae. However, the two terminal -1,3-linked mannosyl residues of O-glycan in S. cerevisiae are replaced by -1,2-linked mannosyl residues in C. albicans (Fig. 1B) . 31) C. albicans possesses five PMT genes, designated CaPMT1, CaPMT2, and CaPMT4-6. CaPmt1p/ CaPmt5p, CaPmt2p/CaPmt6p, and CaPmt4p are classified into the PMT1, PMT2, and PMT4 subfamilies respectively. 32) The genes encoding the -1,2-MNTs that catalyze the addition of the mannosyl residues of O-mannan are identified as CaMNT1 and CaMNT2. CaMnt1p catalyzes the addition of the second mannosyl residue and CaMnt2p catalyzes the addition of the third one.
33) The additional elongation reaction of O-glycan is catalyzed by CaMnn5p, which has a substrate specificity to both the -1,2-and -1,6-mannobioses as acceptor sugars. This activity requires Mn 2þ as a cofactor and is regulated by the Fe 2þ concentration. 34) CaMnn5p shares sequence homology with ScMNN5 and ScMNN2, which are involved in the synthesis of the outer chain of the N-glycans. 35) CaMnn5p functions not only during Nglycosylation, but also during O-glycosylation. According to genome analysis, C. albicans possesses other -1,2-MNTs, designated CaMNT3, CaMNT4, and CaMNT5.
3. Schizosaccharomyce pombe O-glycans of the fission yeast Schizosaccharomyces pombe (Sp) are characterized by the presence of galactosyl residues at their nonreducing termini (Fig. 1C) . O-Glycans are sequentially synthesized from the side of the Ser or Thr residues. Intermediate oligosaccharides are also present in the respective glycoproteins.
36) Schizo. pombe possesses only three PMTs, designated SpOma1/Ogm1p, SpOma2/Ogm2p, and SpOma4/Ogm4p, belonging to the PMT1, PMT2, and PMT4 subfamilies respectively. 37, 38) As in S. cerevisiae, SpOma1p and SpOma2p form a heteromeric complex and SpOma4p forms a homomeric complex. 38) The elongation reaction of O-glycans used to add -1,2-galactosyl residues is catalyzed by -1,2-galactosyltransferase (GalT) encoded by Spgma12 þ and Spgth1 þ using UDP-galactose as a sugar donor in the Golgi apparatus. 39, 40) The gene involved in the transfer of the -1,3-galactosyl residue has not yet been identified.
Pichia pastoris
Pichia pastoris is used for large-scale production of glycoproteins. Like many other yeasts, Pichia mainly synthesizes 1-2Man 1-4 O-glycans. However, a portion of the 1-2Man 3 and 1-2Man 4 chains are capped at the nonreducing end by a Man1-2Man1-2-disaccharide (Fig. 1D) . In addition, a small amount of a branched Man 6 -phosphorylated O-glycan is also present in P. pastris.
41)

II. Structure and Synthetic Pathways of OGlycans in Filamentous Fungi
In order to understand the relationship between protein function and carbohydrate structures, the structures of the O-glycans have been determined in hydrolytic enzymes from Aspergillus and Trichoderma.
Aspergillus
The structures of the O-glycan of glucoamylase (GAI) from Aspergillus strains are variable ( Fig. 2A) . Oglycans of GAI from Aspergillus are characterized by the presence of a branching form of oligosaccharides and of an 1,6-linked mannosyl residue. The 1,3-linked glucosyl residue is not found in yeasts. GAI from a commercial product of A. niger (Daiazyme) contains
42) The O-glycan of GAI from another commercial preparation from the same fungus (Novozyme) is composed of Man1-O, Man1-2Man1-O, Man1-6Man1-O, and Man1-2(Man1-6)Man1-O. Moreover, a small amount of Glc1-6Man1-O is present in the GAI from this product. 43) On the other hand, GAI from the GAI-hyperproducing A. niger strain B1 contains Man (43.6%), Glc (0.9%), and Gal (0.8%) among O-glycans. 44) The presence of galactofuranose (Galf) was first discovered in GAI from this strain. GAI from the mutant of strain B1 contains twice the amount of Galf in the form of O-glycans as compared to GAI from the wt strain. This is also observed when strain B1 is cultivated under higher pH conditons. 45) Galf is also present in the N-glycans of -glucosidase from A. niger and galactomannan-protein from A. oryzae. 46, 47) GAI from A. awamori var. kawachi (Aa) predominantly contains Man 1 , Man 2 , and Man 3 in the form of the O-glycans. 48, 49) A mutant, F2035, of the same fungus defective in the production of proteases and glycosidases secretes hypermannosylated GAI. The mutant F2035 also produces GAI, which has O-glycans with increased amounts of Glc when cultivated in the presence of yeast extracts. 50) The structure of the O-glycans of GAI from A. awamori strain X100 was determined to be Man1-O, Man1-2Man1-O, Man1-6(Glc1-3)Man1-O, and Man1-6(Galp1-3)Man1-O. 51) As well as GAI, galactomannan protein from the cell wall of A. oryzae contains -1,6-linked mannosyl residue in the form of O-glycan.
47)
A. fumigatus is a human pathogen causing a lung disease known as aspergillosis. To clarify the relationships between the glycans in the cell wall and the Aspergillus antigen, the structure of the O-glycans was determined in peptidogalactomannan of the cell wall of A. fumigatus. It is characterized by the presence of - O-glycans are sequentially synthesized from the side of the Ser or Thr residues. Intermediate oligosaccharides are also present in the respective glycoproteins. In Trichoderma, phosphate or sulfate is terminally attached to mannobiose.
Galf-containing O-glycans. The structure was identified as Glc1-6Man1-O, Galf1-6Man1-6Man1-O, Galf1-5Galf1-6Man1-6Man1-O, and Galf1-5(Galf1-5) 3 -Galf1-6Man1-O. 52) In comparison to yeasts, very little is known about the synthesis of O-glycans in filamentous fungi. The initial mannosylation catalyzed by PMTs is commonly found in Aspergillus, as it is in yeasts. A. nidulans (An) possesses three genes coding for PMT, designated AnpmtA, AnpmtB, and AnpmtC.
53) AnPmtAp, AnPmtBp, and AnPmtCp belong to the PMT2, PMT1, and PMT4 subfamilies respectively. In contrast to S. cerevisiae, each of the A. nidulans PMTs appears to function independently. MNT, which catalyzes the reaction that adds the mannosyl residue to O-mannosylated proteins by PMTs, has not been clearly characterized. However, genomic analysis reveals that at least three ortholog, designated AnmntA (AN8119.2), AnmntB (AN2752.2), and AnmntC (AN0086.2), are present in A. nidulans. The MNTs share 40-50% sequence identities with the -1,2-MNT of ScKRE2p and ScKTR1p. As described above, Aspergillus contains various types of galactosyl residues in the forms of pyranose and furanose, connected via 1,3-, 1,5-, and 1,6-linkages, but GalT has not yet been studied in Aspergillus. There are two possible GalT proteins in Aspergillus: the -GalpT ortholog of Schizo. pombe and the novel -GalfT. SpGma12 þ p, involved in the addition of the terminal -Galp in O-glycans, belongs to the glycosyltransferase family, and is identical to ScMnn9p and ScMnn10p, which are components of the -1,6-MNT complex involved in the synthesis of the outer chains in N-glycan. 54, 55) A. nidulans possesses two homologous sequences (AN7562.2 and AN1969.2) to SpGma12p and ScMnn9p/Mnn10p. Besides Gma-12 þ p, Schizo. pombe has putative -1,2-GalpT, designated Gth1 þ p, and unidentified -1,3-GalpT. Hence the possibility that Aspergillus possesses these -GalpT cannot be excluded. As for -GalfT, several bacteria have -1,5/1,6-GalfT, 56) but a genome analysis has failed to find eukaryotic genes homologous to -GalfT, probably due to the novel structure of fungal -GalfT. There are reports related to Galf, which state that A. niger has a -galactofuranosidase that can removeGalf residues from the O-glycans of GAI, and that A. fumigatus has a Galf mutase catalyzing the conversion of UDP-Galp to UDP-Galf, the donor used byGalfT. [57] [58] [59] Hence it is likely that Aspergillus has a novel -GalfT.
Trichoderma
Trichoderma reesei is a hyperproducer of cellulases used for heterologous gene expression and protein production. Glycoproteins from T. reesei have significantly diverse carbohydrate structures, depending on the proteins to be glycosylated, strain, media, and culture conditions (Fig. 2B ). Cel7A is a cellulase produced from T. reesei that amounts to more than 10 g/l. The Oglycan in Cel7A is composed of a linear chain of up to 3 mannosyl residues. In addition, sulfate is attached to the mannoside chains in Cel7A from T. reesei strain ALKO2877, 60) whereas phosphate is attached to dimannoside in the same protein from strain RUT-C30. 61) Moreover, relatively high amounts of Glc and Galp are present in other glycoproteins from strain RUT-C30. For instance, acetylxylan esterase contains Man, Glc, and Galp, in molar ratios of 16.3:4.5:0.9 respectively, and sulfate in O-glycans.
62) -Galactosidase also contains Man, Glc, and Galp in molar ratios of 5:8:15 respectively.
63) It is of interest to note that Glc and Galp among O-glycans are directly linked to the polypeptide chain of
and Glc1-6Man1-3Galp1-O, implying the presence of protein O-glucosyltransferase and protein Ogalactosyltransferase, which are not known in other fungi. The enzyme involved in O-glycan synthesis has been identified solely as Pmt1p, which shows 51% identity to ScPmt4p. Pmt1p is a functional homolog of ScPmt2p.
64)
III. Function of Protein O-Glycosylation in Yeasts
Lack of one or several PMTs reduces the number of oligosaccharide chains linked to proteins, but not the lengths of those chains. Thus mutations in pmt genes affect the structures of the O-glycans, and thereby significantly affect the functions of O-glycosylated proteins. Analyzing the substrate specificities of PMTs and pmt mutants provides us clues to understand the role of O-glycans in the functioning of glycoproteins.
Saccharomyces cerevisiae
In S. cerevisiae, several mutants, pmt1 to pmt6, were analyzed to determine to what extent the O-glycosylated proteins were underglycosylated in vivo. This made possible determination of the substrate specificity of several Pmt proteins. ScKre9p, involved in the assembly of cell-wall -glucan, 65) chitinase ScCts1p, 66) and aspartyl protease ScBar1p, 67) are substrates for ScPmt1p and ScPmt2p in vivo, 16) but not for ScPmt3p or ScPmt4p. 17, 24) ScPir2p/hspl50, 68) which is covalently attached to the cell wall via -1,3-glucan and disulfide bridges, is also a good substrate protein for ScPmt1p and ScPmt2p, but ScPmt4p contributes to the glycosylation of this protein to a lesser extent. 24) On the contrary, both ScPmt1p and ScPmt2p showed very low glycosylation activity toward a small agglutinin. 15, 24, 69) ScKex2p protease 70) is involved in the activation of proproteins of the secretory pathway, and ScGgplp/Gaslp 71) is the -1,3-glucanosyltransferase required for cell-wall assembly. These proteins are good substrates for ScPmt4p, but not for ScPmt1-3p. ScGgplp/Gaslp is also a substrate for ScPmt6p.
23,24) ScPmt3p shows activity toward ScCts1p only against a pmtlpmt2 background, indicating that ScPmtlp and ScPmt2p can, in part, compensate for the ScPmt3p function, and possibly vice versa. 24) Thus each PMT subfamily protein has a distinct substrate specificity to secretory proteins. Among the identified substrate proteins, the proteins of ScKre9, ScGas1, ScKex2, and ScCts1 are of particular importance when considering the PMT function in the cells, though it is unclear whether these proteins actually lose their functions in whole or in part in their underglycosylated forms. These mutants produce absolutely abnormal phenotypes. The Sckre9 mutant shows very slow growth with a fragile cell wall.
65) The Scgas1 mutant shows a decreased growth rate, formation of multibudded cells, hypersensitivity to calcofluor white, and defects in the cell wall. 71, 72) The Sccts1 mutant shows a defect in cell separation and forms aggregate.
66) The Sckex2 mutant shows a defect in the cell wall. The Scgas1 and Sckex2 double mutant is synthetically lethal.
72) It is possible that pmt mutations give rise to the functional defects of these proteins, which in turn can lead to the phenotypic defects found in mutants lacking the substrate proteins.
An analysis of the phenotypes of pmt-mutants was done extensively to reveal the roles of PMTs in the cellular function of S. cerevisiae. [15] [16] [17] All of the pmt 1-6 single mutants of S. cerevisiae were viable, although some single mutants showed reduced growth rates. The pmt double mutants were viable, but grew slower than the single mutants. More than three pmt mutations generally result in a lethal phenotype. Thus protein Oglycosylation is essential for S. cerevisiae. The double mutant pmt2pmt3, pmt2pmt4 and the triple mutant pmt1pmt2pmt3 grew only in the presence of an osmotic stabilizer. All pmt double mutants are more sensitive to calcofluor white, an inhibitor of cell-wall synthesis.
23)
The pmt1pmt4, pmt2pmt3, pmt2pmt4, pmt1pmt2pmt3, and pmt1pmt3pmt4 mutants are temperature sensitive. The mutant of the pkc gene coding for the protein kinase C involved in cell-wall stability and osmolability showed an increased sensitivity to caffeine.
73) The growth of some pmt mutants is also severely inhibited by caffeine. Thus Pmts are involved in the maintenance of the cell-wall structure and cell-wall rigidity of S. cerevisiae. The growth morphology of the various pmt mutants is also drastically altered. In a liquid culture, all the double and triple mutants, with the exception of the pmt3pmt4 mutant, can divide, but they cannot separate and form large clumps. On plates, these mutants are prone to form hyphae. In the triple mutant pmtlpmt3pmt4, up to five nuclei can be seen per cell. These results indicate that cell division, but not nuclear division, is inhibited in this mutant. Multiple mutations combined with pmt4 negatively affect spore germination. Hence Pmts are involved in the maintenance of correct budding and cytokinesis in S. cerevisiae.
Several lines of evidence indicate that the protein Omannosylation modulates the function and stability of secretory proteins and thereby affects the growth and morphology of S. cerevisiae. O-Mannosylation by ScPmt2p affords protection from ER-associated degradation (ERAD), 74) and also functions as a fail-safe mechanism for ERAD by solubilizing the aberrant proteins that overflow from the ERAD pathway and reducing the load on ER chaperones. 10, 75) The mutations in ScPMT4 affect the axial budding pattern of the and a cells. This is supported by the fact that ScAxl2/Bud10p, required for the axial budding pattern, is glycosylated by Pmt4p and that O-mannosylation increases ScAxl2/Bud10p activity in the daughter cells by enhancing its stability and promoting its localization in the plasma membrane.
9) The ScCcw5 protein covalently linked to the cell wall is N-glycosylated only against a pmt4 mutant background, indicating that there is competition between O-and N-glycosylation, and that O-mannosylation precedes N-glycosylation.
76) ScFus1p, a raft-associated protein involved in cell fusion during mating, 77) requires Pmt4p-mediated O-mannosylation for cell-surface delivery. Thus O-glycosylation functions as a sorting determinant for cell-surface delivery.
11) The pmt2 pmt4 mutants fail to activate the PKC1 cell integrity pathway during mating or in response to external stresses, 78) due to the incomplete O-mannosylation of the plasma membrane sensors ScWsc1p, ScWsc2p, and ScMid2p. A lack of O-mannosyl glycans causes unspecific processing of these sensor proteins. Thus reduced O-mannosylation by ScPmt2p and ScPmt4p results in an unspecific cleavage of the PKC1 pathway sensor proteins, which in turn results in impaired activation of the cell integrity pathway in response to cell-wall stress. 79) Mutants defective in -1,2-Mnt and -1,3-Mnt are viable and show a phenotype similar to the wt strain. Some mutants show killer toxin resistance due to alteration of the structure of the cell-wall mannoproteins, which are binding sites for the killer toxin. 80) 2. Candida albicans All five PMT mutants, including heterozygous and homozygous mutants, are characterized in C. albicans. Mutants defective in the CaPMT1 alleles show reduced growth rates, and tend to form cellular aggregates. Multiple specific deficiencies not found in S. cerevisiae, including defective hyphal morphogenesis, hypersensitivity to antifungal agents, reduced adherence to epithelial cells, and defective biofilm formation, are observed in Capmt1/Capmt1 homozygous mutants. The mutants were avirulent in a mouse model of systemic infection. 32, 81, 82) The cell-wall proteins CaAls1p, CaPir2p, and CaKre9p appear to be substrates for CaPmt1p. Caals1 homozygous mutants show abnormal hyphal growth, abnormal adhesion, and virulence defects. Capir2 homozygous mutants are unviable, and the heterozygous mutant shows a reduced growth rate and abnormal cell morphology. Cakre9 homozygous mutants show abnormal hyphal growth. 83) Hence it is possible that CaPmt1p-mediated O-glycosylation affects the function of these proteins, which in turn affects the phenotype of C. albicans. Capmt2 homozygous mutants are not viable. Capmt4 homozygous mutants show de-fective hyphal morphogenesis under aerobic induction conditions, yet morphogenesis is stimulated under embedded or hypoxic conditions, suggesting a role for CaPmt4p-mediated O-glycosylation in environmentspecific morphogenetic signaling. Moreover, CaPMT4 is required for the full virulence of C. albicans.
32) The Capmt1 Capmt4 double mutants are not viable. This is supported by the fact that CaPmt1p and CaPmt4p specificically mannosylate CaSec20p. CaSec20p, localized in the ER membrane, functioning as a t-SNARE component in retrograde vesicle traffic, is essential for the growth of C. albicans. 84) CaPmt1p and CaPmt4p-mediated O-mannosylation specifically protect CaSec20p from proteolytic degradation in the ER.
85) The homozygous Capmt5 mutants are phenotypically silent. 32) Mutants lacking one or two CaPMT6 alleles usually grow, but show abnormal phenotypes, including a partial blocking of hyphal formation and hypersensitivity to hygromycin B. The morphogenetic defect can be suppressed by overproduction of known components of the signaling pathways, 86) including CaCek1p, CaCph1p, CaTpk2p, and CaEfg1p, suggesting a specific CaPmt6p target protein upstream of these components. Mutations in Capmt6 significantly reduced adherence to endothelial cells and overall virulence in a mouse model of systemic infection. Mutants lacking both CaPMT1 and CaPMT6 are viable and show Capmt1 mutants phenotypes. Hence CaPmt6p regulates a narrower subclass of proteins in C. albicans than CaPmt1p.
87) CaPmt isoforms have variable and specific roles during in vitro and in vivo growth, morphogenesis, virulence, and antifungal resistance.
The genes coding for 1,2-MNT are also important for cell morphology, adherence to host surfaces, and virulence in C. albicans. The Camnt1Camnt2 double mutant forms aggregates of cells that appear to be the result of abnormal cell separation, and it is attenuated in virulence.
33) An Camnn5 mutant shows hypersensitivity to cell-wall-damaging agents, and a reduction in the cell-wall mannosylphosphate content. The same mutant also exhibits impaired hyphal growth on solid media and attenuated virulence in mice. 34) 3. Schizosaccharomyces pombe In Schizo. pombe, only one member of each PMT subfamily is present. The Spoma1 and Spoma4 single mutants are viable, but the Spoma2 single mutant and the Spoma1/Spoma4 double mutant are unviable. 38) Spoma1 and Spoma4 single mutants result in abnormal cell-wall and septum formation, which severely affects cell morphology and cell-cell separation. The function of the galactosyl residues characteristically found in Oglycans of Schizo. pombe was analyzed using mutants of gma12 and gth1. They grew as well as the wild-type cells without any apparent phenotypic defect, indicating that these genes are not essential for vegetative growth. 36, 40) Disruption of the gene encoding the UDPgalactose transporter causes a lack of galactose residues in cell-surface glycoproteins without any defect in vegetative cell growth. 88) Hence galactosyl residues in O-glycans do not play critical roles in Schizo. pombe.
IV. Function of Protein O-Glycosylation in Filamentous Fungi
1. Aspergillus GAI has the potential to digest insoluble raw starch, and this property is closely associated with the following three domain structures: an amino terminal catalytic domain, an O-glycosylated Ser/Thr-rich Gp-I domain, and a carboxy terminal starch-binding domain.
89) The Gp-I domain (A 470 -V 514 ) is composed of 30 Ser and Thr residues out of 45 amino acids, and shows a stretched structure with O-glycans, as described above. 43, 48, 90) The O-glycans in Gp-I have been found to be responsible for enzyme stability, protection from proteolytic degradation, and enhanced activity towards raw starch. 51, [91] [92] [93] Furthermore, the polypeptide of the Gp-I domain is absolutely required for the secretion of GAI through the correct folding of the catalytic and starch-binding domains in the ER. 94) In the pmtA disruptant of A. awamori, GAI is underglycosylated, with reductions in the 6 kDa corresponding to 55% of the total O-glycans. The AapmtA mutant shows a severe growth defect on media with low osmolarity, but, the AapmtA mutant grows as well as the wt strain in culture A liquid medium, and secretes GAI as efficiently as the wt strain. 49) This is in agreement with the result that secretion of GAI is not altered by the Scpmt1 or Sckre2 mutations when GAI is heterologously expressed in these mutants. 92) Hence Oglycans of the GAI glycosylated by AaPmtAp are not important for the secretion of GAI.
In Aspergillus, analysis of pmt disruptants has been done in A. nidulans. 53, 95) The AnpmtA-disruptant showed repressed colony formation on YG medium. Under this condition, the formation of conidia in the AnpmtA mutant is reduced to 20% of that in the wt strain. In the presence of an osmotic stabilizer, the growth of the AnpmtA mutant is restored. When using the minimal salt medium (MM) with an osmolarity higher than the YG medium, the AnpmtA mutant shows slightly repressed colony formation at 30 C, but it is severely repressed at 42
C. The AnpmtA mutant shows hypersensitivity to inhibitors of cell-wall synthesis, such as congo red and calcofluor white. The hyphae are swollen, and a balloon structure is formed in the AnpmtA mutant. The number of nuclei between the septa increases twice as much in the AnpmtA mutant as in the wt strain. Hence the AnpmtA is important for the growth of A. nidulans, and in particular, for proper synthesis and maintenance of the cell wall.
In contrast to the AnpmtA disruptant, the AnpmtB disruptant does not show any growth defect on YG medium, even in the presence of congo red or calcofluor white at 30 C. At an elevated temperature of 42 C, colony formation is slightly repressed in the AnpmtB mutant, but the AnpmtB mutant forms hyphae with a higher frequency of branching than the wt strain. Conidia formation in the AnpmtB mutant is reduced to half that in the wt strain (our unpublished data). Therefore, the AnpmtB mutation can affect the determination of the polarity of filamentous cells during hyphal development.
The AnpmtC disruptant shows a severe growth defect even on minimal medium. This mutant fails to form conidia. In the presence of an osmotic stabilizer, the AnpmtC mutant partially recovers in rate of colony formation, but it never recovers in conidia formation. Abnormal hyphae are formed in this mutant. The hyphae are swollen extensively all around the cells. In the presence of an osmotic stabilizer, the swollen structures partially disappeared (our unpublished data). Thus the mutants of AnpmtA, AnpmtB, and AnpmtC show apparently divergent phenotypes. The AnPmtA, AnPmtB, and AnPmtC proteins have individual substrate specificities for proteins involved in the proper maintenance of fungal cells (Fig. 3) .
What are the target proteins of the PMTs? The pmtAdisruptant causes a significant alteration in the carbohydrate composition of the cell-wall fractions. The cell wall in the AnpmtA mutant changes to an improper structure due to a reduction in the skeletal polysaccharides of the -glucans and an increase in the polysaccharides of the wall matrix. 53) Hyphal extension can accordingly be repressed in the pmtA-disruptant. The swollen structure found in the AnpmtA mutant might be associated with imbalanced wall composition. Besides, the chitin contents in the wall increase in the pmtAdisruptant. This may be due to a mechanism of cell-wall integrity similar to that found in yeast. When the cell wall is damaged, wall sensor component (WSC) proteins in the plasma membrane receive the stress signal. The signal is transduced from the cytoplasmic region of WSC to RhoGTPase, protein kinase C, and the MAPKinase cascade. Finally genes involved in wall biogenesis are activated, and then the cell wall regenerates. 78) On the other hand, the high osmolarity glycerol pathway also involves the activation of wall biogenic genes under conditions of high osmolarity. 78) In the AnpmtA mutant, the presence of high osmolarity results in recovery from growth repression, indicating that the wall biogenic genes are fully functional in the disruptant. As described for S. cerevisiae, the Scpmt2 and Scpmt4 mutations lead to degradation of ScWsc1p and ScWsc2p.
79) Therefore, it is likely that ScWsc homolog of A. nidulans are one of the substrate proteins of AnPmtA. In the A. nidulans genomic database, we found two homologous sequences designated AnwscA and AnwscB. AnWscAp and AnWscBp share an approximately 30% sequence homology with ScWSC1p. Both contain a region conserved in ScWsc proteins, including an N-terminal cystein motif, a Ser/Thr-rich region, a transmembrane region, and a hydrophilic cytoplasmic region. Our preliminary results indicate that Protein O-glycosyalation affects the function and localization of secretory proteins, including proteins localized in the cell wall, plasma membrane, ER, and Golgi. Improper localization and reduced function of the secretory proteins has lead to aberrant phenotypes of A. nidulans.
AnWscAp and AnWscBp are O-glycosylated and localize in the plasma membrane. The AnwscA disruptant shows a phenotype similar but not identical to the AnpmtA mutant (our unpublished data). The AnwscA mutant shows repressed colony formation on YG medium, and the addition of an osmotic stabilizer restores colony formation. On the other hand, on MM, the AnwscA mutant shows slightly repressed colony formation, as found in the AnpmtA mutant. The AnwscA mutant also shows hypersensitivity to congo red. For the AnwscB disruptant, no phenotypic defects are observed. Thus the AnpmtA mutation might affect the cell-wall integrity of A. nidulans by modulating the function of AnWscAp. By the proteomic approach, we have been attempting to identify the substrate proteins of the AnPMTs using pmt-disruptants. Disruption of AnpmtA particularly affects the protein profiles of the wall proteins and membrane proteins. Several proteins that disappeared in the AnpmtA mutant were identified as AN8205.2, AN3551.2, and AN3925.2. All of these were found to be proteins homologous to fungal proteins of unknown function. No homologous sequences were found in S. cerevisiae. The substrate proteins are subjected to O-mannosylation and perform their functions in proper maintenance of the cell wall, hyphal development, and conidiation (Fig. 3) .
We have been characterizing the genes coding for MNT. AnmntA and AnmntC are expressed at the early stage of growth, but AnmntB is extensively expressed only at the late stage of growth or in the presence of hygromycin B. Disruption of AnmntA or AnmntC gives rise to growth defects more severe than any type of Anpmt disruptants. Both AnmntA and AnmntC mutants cannot form conidia under standard cultivating conditions. The hyphae structure of the AnmntA and AnmntC mutants is aberrantly swollen. The AnmntB mutant shows a phenotype similar to the wt strain, but it also shows hypersensitivity to hygromycin B as compared to the wt strain (our unpublished data). These results suggest that AnMNTs are functional during different growth phases and have inherent roles in the growth of A. nidulans.
Trichoderma
There are several reports focusing on the relationship between protein secretion and glycosylation in Trichoderma. N-glycosylation has no effect on the secretion of endoglucanases I and II, but O-glycosylation is required for secretion in T. reesei. 96) S. cerevisiae DPM1 encodes the gene for dolichyl phosphate mannose synthase, which catalyzes the formation of Dol-P-Man from Dol-P and GDP-Man. 97) DPM1 is essential to and involved in the O-and N-glycosylation, and in the synthesis of glycosyl phosphatidylinositol (GPI) anchors. Heterologous overexpression of ScDPM1 in T. reesei results in a 7-fold increase in production of cellulases without affecting the extent of protein glycosylation of the cellulases secreted.
98) The mechanism remains unclear, but posttranscriptional processes are responsible for the increased cellulase production.
99)
V. Concluding Remarks
Protein O-glycosylation in fungi is diverse with respect to sugar components and the mode of linkage connecting the sugars. The structure of the O-glycans is highly dependent on the fungi. In yeasts, O-glycans are simple, with structures that are mainly linear mannosyl chains. In filamentous fungi, O-glycans containing branched forms of carbohydrate chains and sugars, except for mannose are more variable than those of yeasts, but the initial mannosylation catalyzed by PMT is commonly found in yeasts and filamentous fungi. Hence the initial mannosylation of proteins is evolutionary conserved and is very important for protein O-glycosylation. This is supported by the fact that pmt mutants apparently show severe growth defects, aberrant morphology, and in some cases a lethal phenotype. In this sense, the sugars attached to the first mannosyl residues such as Man, Glc, Galp, and Galf with -or -anomeric configurations may not be essential for the growth of fungal cells, because mutants that are generally defect in glycosyltransferase are viable and show phenotypes similar to the respective wt strains, but the presence of these sugars indicates the identity of the glycoproteins, which depends on the origin. The glycoproteins from a certain fungus can be distinguished from the glycoproteins from other fungi. The diverse structures of Oglycan can also make possible specific functions of glycoproteins, accordingly to the cells. Highly ordered hyphal development and asexual conidia formation are specifically found in filamentous fungi. Pathogenecity is found in C. albicans and A. fumigatus. These fungispecific features are significantly affected not only by pmt mutants, but also by the glycosyltransferase mutants of the fungi C. albicans, A. fumigatus, and A. nidulans. Hence glycosylation after the second glycosyltransfer reaction might play a specific role in the cells.
A number of proteins localized in the culture, cell wall, and plasma membrane and organelles are O-glycosylated and closely related not only to stable protein secretion, but also to maintaining proper cell morphology, but very little is known about the glycosylated proteins and their function in filamentous fungi. The pmt mutants should help to identify these proteins and to clarify their functions. Filamentous fungi have been widely used in the production of homologous and heterologous proteins. When heterologous genes are expressed in filamentous fungi, the proteins are O-glycosylated, and the forms of the fungal O-glycans depend on the fungal host. Modification of native glycans often leads to losses in protein function, in vivo protein halflife, and immunogenicity.
100) The A. awamori pmtA mutant secreted the underglycosylated form of GAI into the culture medium as much as the wt strain did. 53) Thus it might be possible that an adventitious O-glycan is diminished or eliminated by expressing heterologous proteins in the pmt mutant without decreasing productivity.
Remodeling of the N-glycan structures of glycoproteins has been the focus of attention in order to produce proteins with human-type glycans in yeasts and filamentous fungi. 101, 102) Glycoproteins with human Nglycans can be produced in P. pastris modified by disruption of endogenous glycosyltransferase and introduction of the heterologous genes responsible for the human N-glycosylation process. 102, 103) Since the synthetic pathways of O-glycans and their functions are increasingly understood, remodeling of O-glycosylation is a promising approach to the development of fungal strains.
